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Photons :

• Are chargeless

• Do not interact very strongly with each other, or even with most matter.

• Are guided along long distances with low loss in optical fibers, atmosphere, or free space

• Are delayed and manipulated efficiently in room temperature using traditional optics phase 

shifters, phase retarders, mirrors, beam splitters…etc.

Quantum photonic systems

There is no need for special experimental facilities in Labs (Readily implementable in Egypt)

Photons realizes communication qubits



(1) Initializing quantum states 
• Single-photon generation (and preparation)

(3) Measuring  quantum states
• Projection
• Single-photon detection

(2) Processing quantum states
• Quantum gates : Unitary rotations

Time

Steps of Quantum Computing 



How to generate single photons?



1- Generation of Single photons: Faint laser pulses

Very good approximation of laser pulse is the Coherent state       −−→
𝑛 Photons are thermally distributed within the coherence time

𝑃
𝑛

𝑛

𝑃 𝑛 = 𝑒!"
𝜆#

𝑛!

Example: for 𝜆 = 0.1
𝑃 0 ≈ 90%     (empty pulses)
𝑃 1 ≈ 9%       (single-photon pulse)
𝑃 > 1 ≈ 1%  (more than a photon / pulse)

Mean number of photons/pulse is 𝜆 = 𝐸!"#$%/ℎ𝜈

Pulsed Laser

Probability of 𝑛 photons/pulse given that mean photon number is 𝜆

Attenuator

Poisson distribution

Faint laser is not ideal Single-
photon source 

Poisson distribution

It’s important in photonic quantum computing to have a single-photon source producing Single-photon Fock state: 
|𝑛⟩ with 𝑛 = 1.  (also called photon number state)

coherent state: 

𝛼 = 1
!"#

$

𝑒%&
𝜆!

𝑛! |𝑛⟩



Example:

𝜆 = 𝟎. 𝟏, in this case:

𝛼 = 0.9 0 + 0.09 1 + 0.002 2 +⋯

This approximate the single photon Fock state 1 , but with:

• 90% empty pulses (this is not a big problem!!)

• 9% single-photon pulses

• 1% more than a photon. (A problem in some protocols)

Ignoring the empty pulses, there is a possibility of about 90% success and 10% failure.

No indication whether the pulse is empty or occupied. Therefore, two of this source cannot be synchronized. 

Laser

More than one 
photon per pulse

One photon 
per pulse

Number of photons/pulse is described by: |𝛼⟩ 



Single-photon detector

Fast-switching laser

Attenuator

Interference filter

FPGA

Quantum Communication Lab.



How to detect single photons?



Avalanche photodetectors (APDs) outputs an electronic pulse in response to one input photon 
(producing an electron-hole pair)

29

3. Time-shift attack

Motivated by the faked-state attack, in 2007, Qi et al.
(Qi et al., 2007a) proposed the time-shift attack. This is
also based on the detection-efficiency mismatch for gated
SPDs in the time domain, but is much easier to imple-
ment. Let us suppose Fig. 8a illustrates the detection
efficiencies of the two gated SPDs in a real-life QKD sys-
tem. Eve can simply shift the arrival time of each pulse
sent from Alice by employing a variable optical delay
line. For example, Eve randomly shifts the pulse from
Alice to arrive at t1 or t2 through a shorter path or a
longer path of optical line. This shifting process can par-
tially reveal the bit value of Bob: if the pulse arrives
at t1 (or t2) and Bob announces receipt, the bit value
is more likely to be 0 (1). Moreover, Eve can carefully
set how many bits should be shifted forward and how
many should be shifted backward to ensure that the dis-
tribution of bit 0 and bit 1 received by Bob is balanced.
Hence, the time-shift attack does not make any measure-
ment on the quantum state, and quantum information is
not destroyed.

Since Eve does not need to make any measurement
or state preparation, the time-shift attack is practically
feasible with current technology. In 2008, it has been
successfully implemented on a commercial QKD system
by Zhao et al. (Zhao et al., 2008) as shown in Fig. 8b.
This is one of the first successful demonstrations of quan-
tum hacking on a widely-used commercial QKD sys-
tem. In their experiment (Zhao et al., 2008), Eve got an
information-theoretical advantage in around 4% of her
attempts. The successful implementation of the quan-
tum attack shows that a practical QKD system has non-
negligible probability to be vulnerable to the time-shift
attack.

4. Detector-control attack

The detector-control attack is the most powerful at-
tack and it has been successfully demonstrated on several
types of practical QKD systems (Lydersen et al., 2010;
Makarov, 2009). In general, the detector-control attacks
can be divided into three categories: (i) detector-blinding
attack (Huang et al., 2016a; Lydersen et al., 2011a, 2010;
Makarov, 2009), where Eve illuminates bright light to
control detectors; (ii) detector-after-gate attack (Wiech-
ers et al., 2011), where Eve just sends multi-photon pulses
at the position after the detector gate; (iii) detector-
superlinear attack (Lydersen et al., 2011b; Qian et al.,
2018), where Eve exploits the superlinear response of
single-photon detectors during the rising edge of the gate.

Most available SPDs are InGaAs/InP APDs operat-
ing in a Geiger mode (Hadfield, 2009), in which they are
sensitive to a single photon. The working principle of
this type of APDs is shown in Fig. 9a. In the detector
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FIG. 9 Schematic illustration of the detector blinding at-
tack (Lydersen et al., 2010). a, Linear-mode and Geiger-mode
APD operation. When the APD is reverse-biased above its
breakdown voltage Vbr, a single photon can cause a large cur-
rent IAPD to flow, and register this as photon detection (a
‘click’). After that, an external circuit quenches the avalanche
by lowering the bias voltage below Vbr, and then the APD
goes into a linear mode. In the linear mode, IAPD is propor-
tional to the incident bright optical power Popt. b, Eve sends
Bob a tailored light pulse that produces a ‘click’ in one of
his detector only when Bob uses the same measurement basis
as Eve. Otherwise, no detector ‘clicks’. [Figure reproduced
from (Lydersen et al., 2010)].

blinding attack, by sending a strong light to Bob, Eve
can force Bob’s SPDs to work in a Linear mode instead
of Geiger mode, as shown in Fig. 9a. In the Linear mode,
the SPD, such as the one based on InGaAs APD, is only
sensitive to bright illumination. This detector operation
mode is called “detector blinding". After blinding the
detectors, Eve sends a bright pulse with tailored optical
power such that Bob’s detector always reports a detection
event from the bright pulse, but never reports a detection
event from a pulse with half power. This is illustrated
in Fig. 9b. Consequently, Eve can successfully launch an
intercept-and-resend attack without increasing QBERs.
For example, when Eve uses the same basis as Bob to
measure the quantum state from Alice, Bob gets a detec-
tion event as if there were no eavesdropper. But if Eve
uses the opposite basis from Bob to measure the quan-
tum state from Alice, her bright pulse will strike each
of Bob’s detectors with half power, and neither detec-
tor will report a detection event. In practice, a simple
detector blinding attack will introduces a 50% total loss.
However, Eve can place her intercept-unit close to Alice’s
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6. Conclusion

We investigate the e�ectiveness of a photocurrent monitor as a countermeasure against the detector
blinding attack in a single-photon detector module that is provided by an independent party. The
testing results show that the single-photon detector with a photocurrent monitor is vulnerable
to the pulse illumination attack. Via this attack, Eve can blind the single-photon detector in a
certain period and fully control its detection output, keeping the reported photocurrent of the
photocurrent monitor similar to that in the normal state and thus without alarming the monitor.
We also perform the theoretical security analysis to show that for a real-life QKD system under
pulse illumination attack, Alice and Bob may overestimate the secret key rate and leak the key to
Eve in a certain distance range. This pulse illumination attack indicates that the security issues
in the detection side might be still serious, which should be further investigated. As this attack
might seriously threatens the practical security of QKD systems, pulse illumination attack should
be a standard testing item for the systematic security evaluation of a QKD system.

We also provide more details on the photocurrent of a detector under the pulse illumination
attack obtained from a white-box experiment on our homemade detector (see Appendix C), which
may provide some ideas of countermeasures against the pulse illumination attack. However,
patching only solves the problem in a short term. A more secure method is to model the practical
single-photon detector in the security proof, if the non-MDI-QKD system would like to be
immune to various blinding attacks in a long term.

Appendix

A. Recap c.w. illumination blinding attack

Fig. 6. Inner mechanism of the single-photon detector. a) The core part of the circuit of a
typical single-photon detector. Rbias is a huge resistor for passive quenching while Ro is a
small resistor for readout. The voltage across Ro is Vo, which is the carrier of the output
signals. VHV is the DC source of the single-photon detector’s circuit. Vbias is the bias
voltage across the APD. Normally, Vbias is lower than the breakdown voltage (Vbr) and can
be raised to be higher than it by gate signals. b) Schematic diagram of the relationship
between the trigger pulse energy and the responding output signal when the APD is in the
linear mode. Ith is the threshold of a built-in comparator in the circuit of the single-photon
detector. Enever/Ealways is the trigger pulse’s energy that triggers a click with 0%/100%
probability, because the bound of its error bar is totally lower/higher than Ith. Two di�erent
background colors intuitively indicate whether the trigger pulse can trigger a click.

(large R)

Current IAPD

VAPD

Operation modes of  APD

Electronic pulses (e.g., in volts)

cable

Single-photon avalanche diode (SPAD) 
operating in Geiger mode

(Heavily 
reverse 
biased)

APD Circuit

Detection of Single photons

breakdown voltage

Single photon detection with passive quenchingLight detection

Single-photon pulses



13.1 The photon (zero rest mass, chargeless)

carries electromagnetic energy and momentum, as well as spin angular momentum (SAM) associated with its 

polarization properties. It can also carry orbital angular momentum (OAM).

In other words, Degrees of freedom (DoFs) of light are 

• space/momentum (linear momentum and orbital angular momentum ), 

• Frequency (energy)/time, 

• Polarization (SAM)

Electromagnetic field can be fully represented as a superposition of discrete orthogonal modes in every optical 

DoF



The electric-field vector, 𝜀(𝑟, 𝑡) 	= 	Re 𝐸 𝑟, 𝑡 ,	can therefore be expressed in terms of the complex electric field

𝐸 𝑟, 𝑡 =&
C

𝐴C	 𝑈C 𝑟 	exp 𝑖2𝜋𝜈C𝑡 	 1𝐞C

Complex amplitude 𝐴' 	
Related to field amplitude, initial phase 

The 𝒒th mode has:

frequency 𝜈'

polarization along a unit vector G𝐞'

Spatial distribution characterized by complex function 𝑈'(𝑟), 
normalized such that ∫( 𝑈' 𝑟

) 𝑑𝑟	 = 	1.
This distribution can be gaussian, LG,… modes 
𝑈'(𝑟) includes also terms like exp(𝑖𝑘𝑧) that describes the propagation direction

Note : You can think about it like the description of any arbitrary periodic function as Fourier series with weighted 

superposition of orthogonal functions



Illustrated:

•Freq.,
•Polarization,
•Direction

of EM mode

Illustrated:

No. of photons in every 
EM mode,

Or equivalently the 
energy per mode

Vacuum (no-photon) state 
has energy = *

)
ℎ𝜈

Note: In Quantum Optics, the space of bosonic modes is spanned by number (Fock) states: 0 , 1 , 2 , 3 … , 𝑛 , 𝑛	𝑖𝑠	𝑝ℎ𝑜𝑡𝑜𝑛𝑠	𝑛𝑢𝑚𝑏𝑒𝑟

Cubic cavity



           Examples: 1- Amplitude encoding

0

1

Amplitude shift keying

𝑉+,

> 𝑉+,

< 𝑉+,

Bits & Qubits

0, 1 are Fully distinguishable
Discrete two-state classical space

Bits



           Examples: 2- Phase encoding 

Binary phase shift keying

0, 1 are Fully distinguishable

−sin𝜔𝑡

sin𝜔𝑡

0

1

Discrete two-state classical space

Bits
Bits & Qubits



           Examples: 3- Polarization encoding

Polarization shift keying

H : Horizontal       
polarization

V : Vertical       
polarization

0 1

H

V

0, 1 are Fully distinguishable

0

1

Discrete two-state classical space

Bits
Bits & Qubits



Example: Polarization of a single photon

Circular

Polarization of a single photon evolves as (complex) coherent superposition 
of two basis states, here 𝐸- , 𝐸. (polarization is a 2-D property)

Coherent superposition:    
 * Photonic modes are added,
** while keeping their relative phase

Quantum bit (Qubit)

Linear

Naturally, Quantum systems are in 
“coherent superposition” of possible modes

𝜓 = 𝛼 𝐻 + 𝛽|𝑉⟩

Complex amplitudes

Orthogonal Polarization modes

𝐸!

𝐸"

𝐸!

𝐸"

polarization wavefunction is normalized : 𝛼 ) + 𝛽 ) = 1

Photonic Qubits can be realized in time



Linear Circular

Polarization as a qubit
𝜓 = 𝛼 𝐻 + 𝛽 𝑉

𝜓 = 𝛼 0 + 𝛽|1⟩

𝐷 =
1
2
( 𝐻 + |𝑉⟩)

𝐴 =
1
2
( 𝐻 − |𝑉⟩)

𝑔

𝑅 =
1
2
( 𝐻 − 𝑖|𝑉⟩)

𝐿 =
1
2
( 𝐻 + 𝑖|𝑉⟩)

|𝐻⟩ |𝐻⟩

|𝑉⟩ |𝑉⟩

𝑙𝑖𝑛𝑒𝑎𝑟 = cos 𝑔 𝐻 + sin𝑔 𝑉

Diagonal

Linear-polarization state:

Examples of polarization states:

Anti-Diagonal

Right-circular

Left-circular

𝜓 = 𝛼 1
0 + 𝛽 0

1 =
𝛼
𝛽

Photonic Qubits



Bits & Qubits

𝜓 = cos
𝜃
2
0 + 𝑒9: sin

𝜃
2
1

Qubit 𝜓  : has a continuum of possible 
values in C_, the complex space of dimension 2 

𝜃: polar angle ∈ 0, 𝜋
𝜙: azimuthal angle ∈ 0,2𝜋

Bloch sphere



Bits & Qubits : Gates

1-bit gates

1-Qubit gate : 

Infinite, any unitary operator 𝑈(2) is a gate! 



Nomenclature and notation

three matrices, and to define σ0 as the 2×2 identity matrix. Most often, however, we use
the notations I, X, Y and Z for σ0, σ1, σ2 and σ3, respectively.

Information theory and probability
As befits good information theorists, logarithms are always taken to base two, unless
otherwise noted. We use log(x) to denote logarithms to base 2, and ln(x) on those rare
occasions when we wish to take a natural logarithm. The term probability distribution
is used to refer to a finite set of real numbers, px, such that px ≥ 0 and

∑

x px = 1. The
relative entropy of a positive operator A with respect to a positive operator B is defined
by S(A||B) ≡ tr(A logA)− tr(A logB).

Miscellanea
⊕ denotes modulo two addition. Throughout this book ‘z’ is pronounced ‘zed’.

Frequently used quantum gates and circuit symbols
Certain schematic symbols are often used to denote unitary transforms which are useful in
the design of quantum circuits. For the reader’s convenience, many of these are gathered
together below. The rows and columns of the unitary transforms are labeled from left to
right and top to bottom as 00 . . . 0, 00 . . . 1 to 11 . . . 1 with the bottom-most wire being
the least significant bit. Note that eiπ/4 is the square root of i, so that the π/8 gate is the
square root of the phase gate, which itself is the square root of the Pauli-Z gate.

Hadamard
1√
2

[

1 1
1 −1

]

Pauli-X
[

0 1
1 0

]

Pauli-Y
[

0 −i
i 0

]

Pauli-Z
[

1 0
0 −1

]

Phase
[

1 0
0 i

]

π/8
[

1 0
0 eiπ/4

]

xxx

1-Qubit gate : Important examples:

Circuit 
symbol

Matrix 
representation

(Quantum NOT gate)
𝟏𝟖𝟎° rotation about 𝒙 axis

𝟏𝟖𝟎° rotation about 𝒚 axis

𝟏𝟖𝟎° rotation about 𝒛 axis

𝟗𝟎° rotation about 𝒛 axis

𝟒𝟓° rotation about 𝒛 axis

𝑍 +𝑥 ≡ 1
0	

0
−1 ×

1
2
1
1 =

1
2

1
−1

+𝑥 ≡
1
2
1
1

−𝑥 ≡
1
2

1
−1

𝑍
180∘ arc

Bits & Qubits : Gates



HWP performs unitary rotation of polarization state 

HWP

𝑇 = 𝑒$
%
& cos 2𝜃 sin 2𝜃
sin 2𝜃 −cos 2𝜃

Operator of HWP (its axis is at angle 𝜃 with the vertical direction)

Half-wave plate (HWP) acting on polarization state

𝜃 = 45∘

Vertical 
polarization



Your 1st Q gate realization using half-wave plate (HWP)

Example: Single photon with vertical polarization state and HWP with 𝜃 = 45	𝑑𝑒𝑔.:

𝜓0! = 𝑉 ≡ 1 ≡ 0
1

𝜓12+ = 𝑇 𝑉 = cos 90∘ sin 90∘
sin 90∘ −cos 90∘

0
1

                               = 1
0 = 𝐻

T(45∘)

HWP action

• Notice!!! 𝜃 is under your full control in the Lab…     

• For 𝜃 = 0	𝑑𝑒𝑔., T = 𝑒0
!
"
1 0
0 −1 ≡ 𝑒0

!
" 	Z…The Pauli 𝑍	matrix (up to a global phase)

• For 𝜃 = 45	𝑑𝑒𝑔., T = 𝑒0
!
"
0 1
1 0 ≡ 𝑒0

!
" 	X …The NOT gate or Pauli 𝑋	matrix

• For 𝜃 = 22.5	𝑑𝑒𝑔., T = 𝑒0
!
"
*
)
1 1
1 −1 ≡ 𝑒0

!
" 	H …The Hadamard gate

HWP
Vertical 
polarization

𝜃 = 45∘

𝑇 = 𝑒$
%
& cos 2𝜃 sin 2𝜃
sin 2𝜃 −cos 2𝜃



Quarter-wave plate (QWP) acting on polarization state

Florida State University Copyright

𝑇 = *
)
	1 − 𝑖 cos 2𝜃
−𝑖 sin 2𝜃 	 −𝑖 sin 2𝜃

1 + 𝑖 cos 2𝜃  

Example: Single photon with diagonal polarization state and QWP with 𝜃 = 45	𝑑𝑒𝑔.:

𝜓0! = 𝐻 = 1
0

𝜓12+ = 𝑇 𝑉 =
1
2

1 −𝑖
−𝑖 1

0
1

                           = −𝑖
1 = −𝑖 1𝑖 = *

)
( 𝐻 + 𝑖 𝑉 ) = 𝑅

T(45∘)

QWP action
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
cos' �i sin'

�i sin' cos'

�
$ RX(2'). (2.1-5)

This is the symmetric SU(2) operator.
!S

F
45o

Summary: Jones matrices and modes of rotated polarization devices

Device Matrix $ Operator Eigenvectors Eigenvalues

HWP
at ✓

S

F
!

HWP


cos 2✓ sin 2✓
sin 2✓ � cos 2✓

�
$ Rf(2✓)

= sin 2✓X+ cos 2✓ Z


sin 2✓

±1� cos 2✓

�
±1

✓ = 0o

1 0
0 �1

�
$ Z


1
0

�
,


0
1

�
±1

✓ = 22.5o 1p
2


1 1
1 �1

�
$ H


1

±
p
2� 1

�
±1

✓ = 45o

0 1
1 0

�
$ X


1
±1

�
±1

QWP
at ✓

S

F
!

QWP

1p
2


1� i cos 2✓ �i sin 2✓
�i sin 2✓ 1 + i cos 2✓

� 
sin 2✓

⌥1� cos 2✓

�
e
±i⇡/4

✓ = 45o 1p
2


1 �i

�i 1

�
$ U+

BS


1
±1

�
e
±i⇡/4

Polarizer
at ✓

! "

#


cos2 ✓ sin ✓ cos ✓

sin ✓ cos ✓ sin2
✓

�

$ P(✓)


cos ✓
sin ✓

�
,


� sin ✓
cos ✓

�
1, 0

Example 2.1-4. Polarization-mode interferometer

The retardation of a wave retarder Up(') may be measured by sandwiching it between
two quarter wave plates at 45o, each acting as polarization-mode splitter/combiner UBS.
The cascaded system is the product operator U = UBSUp(')UBS

Half-wave plate

HWP 𝜃 = 	cos 2𝜃
sin 2𝜃 	 sin 2𝜃

−cos 2𝜃  

Quarter-wave plate
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
cos' �i sin'

�i sin' cos'

�
$ RX(2'). (2.1-5)

This is the symmetric SU(2) operator.
!S

F
45o

Summary: Jones matrices and modes of rotated polarization devices

Device Matrix $ Operator Eigenvectors Eigenvalues

HWP
at ✓

S

F
!

HWP


cos 2✓ sin 2✓
sin 2✓ � cos 2✓

�
$ Rf(2✓)

= sin 2✓X+ cos 2✓ Z


sin 2✓

±1� cos 2✓

�
±1

✓ = 0o

1 0
0 �1

�
$ Z


1
0

�
,


0
1

�
±1

✓ = 22.5o 1p
2


1 1
1 �1

�
$ H


1

±
p
2� 1

�
±1

✓ = 45o

0 1
1 0

�
$ X


1
±1

�
±1

QWP
at ✓

S

F
!

QWP

1p
2


1� i cos 2✓ �i sin 2✓
�i sin 2✓ 1 + i cos 2✓

� 
sin 2✓

⌥1� cos 2✓

�
e
±i⇡/4

✓ = 45o 1p
2


1 �i

�i 1

�
$ U+

BS


1
±1

�
e
±i⇡/4

Polarizer
at ✓

! "

#


cos2 ✓ sin ✓ cos ✓

sin ✓ cos ✓ sin2
✓

�

$ P(✓)


cos ✓
sin ✓

�
,


� sin ✓
cos ✓

�
1, 0

Example 2.1-4. Polarization-mode interferometer

The retardation of a wave retarder Up(') may be measured by sandwiching it between
two quarter wave plates at 45o, each acting as polarization-mode splitter/combiner UBS.
The cascaded system is the product operator U = UBSUp(')UBS

QWP 𝜃 = ,
-
	1 − 𝑖 cos 2𝜃
−𝑖 sin 2𝜃 	 −𝑖 sin 2𝜃

1 + 𝑖 cos 2𝜃  

2𝜃 2𝜃

90o arc180o arc

“Quantum Photonics”, B. Saleh, just published in June 2025

QWP 𝜃3 	. 	HWP 𝜃) 	 . 	QWP 𝜃* 	

Any arbitrary 𝑈(2) operation  

Processing of polarization qubit



𝜓 = 𝛼 0 + 𝛽𝑒!" 1 	

Photonic Qubits can be realized in time

2 time modes

Time-bin qubit

|𝑡'⟩|𝑡(⟩
Single 
photon

Optical waveguide

𝜓 = 𝛼 𝑡# + 𝛽𝑒!"|𝑡$⟩
𝜙

Switch
Variable coupler

Heavily unbalanced Mach-
Zehnder interferometer

𝛼 !

𝛽 !

* Red spot(s) represents photon wavefunction in space-time

Temporal modes: Time is a continuous domain. Time bins 
(where portions of the photon wavefunction are distributed 
between well-separated time instants labelled, e.g., 𝑡# 	, |𝑡*⟩ 
…, |𝑡4⟩) represent discretized modes of a temporal 
wavefunction, and form a basis in the Cn space.



𝜙

|𝑠#⟩

|𝑠*⟩

𝜓 = 𝛼 𝑠# + 𝛽𝑒!"|𝑠$⟩

Variable 
splitter

Single 
photon

two spatial modes

𝛼 !

𝛽 !

Spatial (or path) qubit

𝜓 = 𝛼 0 + 𝛽𝑒!" 1 	

Path mode, plane-
wave modes … etc.

Photonic Qubits can be realized in space

* Red spot(s) represents photon wavefunction in space-time

Optical waveguide

Spatial modes: space is a continuous variable, however, the 
spatial wavefunction can be represented as a superposition in 
discretized modes (orthogonal function) or paths (labelled, 
e.g., 𝑆# 	, |𝑆*⟩ , …|𝑆4%*⟩) and form a basis in Cn space. 

Dual-rail qubit



Qubit Processing in path domain

BS(𝜃) = cos 𝜃 −𝑖 sin 𝜃
−𝑖 sin 𝜃 cos 𝜃  𝑃 𝜙 = 𝑒05

0
	 01

Reflectance of the beamsplitter : sin) 𝜃
Transmittance : cos) 𝜃 

Symmetric Beamsplitter Phase shift

𝑃 𝜙 	.	BS(𝜃)= 𝑒05 cos 𝜃 −𝑖 sin 𝜃
−𝑖𝑒05 sin 𝜃 cos 𝜃

Any arbitrary 𝑈(2) operation  

𝜃 𝜃

1

1

2



PBSy⊗{ 	↔

1
0
0
0

	

0
1
0
0

	

0
0
0
1

	

0
0
1
0

≡ cNOT	

All what we have so far are single-qubit gates, what about two-qubit gates like CNOT

Single photons

Polarizing Beam splitter (PBS)

𝐻 |0|⟩ 𝐻 |0|⟩

|𝑉⟩|0|⟩

|𝑉⟩|1|⟩

0| 0|
1|



Qubits can be realized in different degrees of freedom of light

Polarization qubit

𝜓 = 𝛼 𝐻 + 𝛽 𝑉

Time-bin qubit

𝜓 = 𝛼 𝑡# + 𝛽 𝑡*

|𝐻⟩

|𝑉⟩

Path (dual-rail) qubit

𝜓 = 𝛼 𝑠# + 𝛽 𝑠*

𝑠}

𝑠~

Fock-state qubit

𝜓 = 𝛼 0 + 𝛽|1⟩

No 
Photons

Orbital Angular Momentum (OAM) qudit
𝜓 = 𝛼 ℓ%) + 𝛽 ℓ%* + 𝛾 ℓ# + 𝛿 ℓ* + 𝜅 ℓ)

OAM modes

One 
Photon



Two Qubits

2 qubits: A,B

𝜓 = 𝛼!! 0" 0# + 𝛼!$ 0" 1# + 𝛼$! 1" 0# + 𝛼$$ 1" 1#

• Coherent superposition in 4-D space
• 𝛼'', 𝛼'(, 𝛼(', 𝛼((  are complex numbers (amplitudes).  

• 𝜓  is normalized, so |𝛼''|&+|𝛼'(|&+|𝛼('|&+|𝛼((|& = 1

Two classical bits have four possible states, 00, 01, 10, and 11, what about two qubits? 

The hidden ‘information’ in 𝛼06  grows exponentially with the number of qubits

For 3 qubits, we have 8 coefficients. 

For 500 qubit, we have 27## coefficient… larger than the estimated number of atoms in the Universe*

This exponential increase in quantum information with no. of qubits, widely known to be underlying the quantum supremacy 

* Quantum computation  quantum information, 2010, by Nielsen & Chuang



2 qubits: A,B

	 𝛼~~ 0� 0� + 𝛼~} 0� 1� + 𝛼}~ 1� 0� + 𝛼}} 1� 1�

• Coherent superposition in 4-D space
• 𝛼'', 𝛼'(, 𝛼(', 𝛼((  are complex numbers (amplitudes).  

• 𝜓  is normalized, so |𝛼''|&+|𝛼'(|&+|𝛼('|&+|𝛼((|& = 1𝜙C =
1
2
00 −

1
2
|11⟩

𝜓D =
1
2
01 +

1
2
|10⟩

𝜓C =
1
2
01 −

1
2
|10⟩

|𝜙D⟩ =
1
2
|00⟩ +

1
2
|11⟩

Special two-qubit states: maximally entangled states

Bell states: are orthogonal 
in 4-D Hilbert space C)

Widely used in many quantum applications: 
• Quantum Teleportation 
• Quantum encryption
• Quantum Computation
• Quantum superdense coding
       ….etc  



By illuminating a nonlinear crystal by an intense laser beam, 
some photons split into two daughter photons (traditionally named signal and idler photons).

Spontaneous parametric downconversion (SPDC)

Generation of Entangled photon qubits

(Probability < 1001)

• Conservation of energy :      ℏ𝜔y��y = ℏ𝜔} + ℏ𝜔_

• Conservation of momentum :  ℏ	𝐤y��y = ℏ	𝐤} + ℏ	𝐤_	

V → H1H2 

Type I SPDC

Energetic Pump photon

Nonlin
ear c

rys
tal

Photon 1

Photon 2

Nonlinear interaction : 



w2

w1#
$wp

We are totally uncertain about the values of frequencies 𝜔(, 𝜔&. 
Once one of them is measured, the other will immediately have a certain value

𝜔I = 𝜔JKLJ −𝜔M
(Spectral state collapse)

• Frequency-entangled photons

Conservation of energy:  ℏ𝜔���� = ℏ𝜔} + ℏ𝜔_

Spectral wavefunction

Energetic Pump photon

Photon 1

Photon 2

𝜔!"2! 𝜔*

𝜔)

Nonlinear crystal

(ℏ𝜔	 is Photon energy, 𝜔 is angular frequency)

Generation of Entangled photon qubits



We are totally uncertain about the values of momenta 𝐤(, 𝐤&. 
Once one of them is measured, the other will immediately have a certain value:

𝐤_ = 𝐤���� − 𝐤}
(Momentum state collapse)

• Momentum-entangled photons

Conservation of momentum:      ℏ𝐤���� = ℏ𝐤} + ℏ𝐤_

Transverse momentum wavefunction

Energetic Pump photon

Nonlinear crystal

Photon 1

Photon 2

𝐤!"2! 𝐤*

𝐤)

q1

q2

(ℏ	𝐤	 is Photon momentum, 𝐤 is the wavevector)

𝐤!"2!
𝐤*

𝐤)

Generation of Entangled photon qubits



|𝜙8⟩ =
1
2
|𝐻*𝐻)⟩ +

1
2
|𝑉*𝑉)⟩

Polarization-entangled state

• Polarization-entangled photons

𝜎 : Polarization
Laser beam
(Pump beam)

HH

V

V → H1H2 

VV

H

H → V1V2 

Nonlinear crystal(s)

s1

s2

H V

V

H

Nonlinear interaction:
Generation of photons in pairs 

+

Vertical polarized pump → horizontal polarized pair of photons

Horizontal polarized pump → Vertical polarized pair of photons
+

|𝜙*⟩ =
1
2
|00⟩ +

1
2
|11⟩

Generation of Entangled photons



	 |𝜙D ⟩ =
1
2
|𝐻M𝐻I⟩ +

1
2
|𝑉M𝑉I⟩

• Once one photon is measured, 
– The state collapses: the value of the other qubit becomes certainly known.
– Q Entanglement violates locality : There is an immediate (nonlocal) action at a distance
– Q Entanglement does not violate causality : This can not transfer information 

Two polarization-entangled Photons
1st photon (50% ⟷  ,  50% ↕)

2nd photon (50% ⟷  ,  50% ↕)

1st photon 2nd photonPolarization measurements

Photons are so far 
from each other



Hyperentangled Photon Sources: Cascaded Structure

HH

VV

• Polarization entanglement

•  Frequency entanglement 
Time Entanglement also exists: 
Creation time is not known within the coherence time of the pump, until position is measured for one of the paired photons.

• Momentum entanglement
Position entanglement also exists : 
Emission position is not known within the coherence width  of the pump photon, until position is detected for one of the paired photons

Hyperentanglement : 
Entanglement in every degree of freedom of light 

w2

w1#
$wp

q1

q2

s1

s2

H V

V

H

⊗ ⊗

Diagonal 
polarization

Frequency momentum polarization



Entangled photons generation, purification, measurements

Two-photon 
creation

Purification

mirrors

Narrow 
spectral 
filter

Limit two-photon 
measurements to some angle

measurementsPump  photon preparation

• Bell inequality was violated by a record :

2.618 ± 0.06

• Photon pairs are entangled in polarization, momentum & 

frequency

• Polarization-entangled state :

1
2

𝐻*𝐻) + 𝑒05	|𝑉*𝑉)⟩



Result
Coincidence counts: 4,100	s%*
Single counts: 139,200 s%* 
Background counts : 95,300 s%*
Collection efficiency:

4,100	s%*

139,200 s%* − 95,300 s%* = 9.3%

Experimental setup  
Ø Two-crystal:  0.5 mm BBO
Ø Pump laser: 405 nm, 30 mw
Ø Detection filter: 10-nm centered 

at 810 nm
Ø Multimode fiber detection
Ø 2.6 deg. collection angle



|𝜙8⟩ =
1
2
(|𝐻*𝐻)⟩ + |𝑉*𝑉)⟩) |𝜙8⟩ =

1
2
(|𝐻*𝐻)⟩ + 𝑒05 9,' |𝑉*𝑉)⟩)

Temporal/
Spectral

Spatial/
Angular

Polarization

Actual sourceEffects such as birefringence, dispersion 
in nonlinear crystal couple these DoFs

Independent degrees of freedom 
(DoFs) 

coupling inherent between photon’s 
degrees of freedom (DoFs) 

Hyperentanglement, Ideally

→	Drop in Entanglement purity
→ Errors in quantum Applications

Hyperentanglement : Entanglement in multiple degrees of freedom (DoFs)

Two-photon wavefunction 
in every DOF

w2

w1#
$wp

q1

q2

s1

s2

H V

V

H

⊗ ⊗

PolarizationFrequencyMomentum

Spatial/
Angular

Temporal/
Spectral

Polarization

→	High purity entangled state
→	No Errors



Tunable Spatial-Spectral Phase Compensation of 
Type-I (ooe) Hyperentangled Photons

Output state decoherence:
2- Temporal decoherence: limits the overlap of the photon pairs emitted by 1st and 2nd crystals. 
Important!!! when low coherence-time pump (such as diode laser and femtosecond laser) is used.

Two-crystal source with (to the right) and without (to the left) temporal compensation

“Tunable spatial–spectral phase compensation of type-I (ooe) hyperentangled photons”. JOSA B, 32(3), 445-450 (2015). 
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fixed in frequency 
and spatial domains

(determined by the interference filters). Therefore, over that wide
directional extent, the temporal distinguishability between the leading
(HH) and the lagging (VV) possibilities can be effectively washed out
following the conventional approach, adding an offset temporal delay
between the parent pump components jVpi and jHpi.18,21,23 In the
experiment, this is accomplished using a temporal compensator (TC):

two available 0.8mm 30!-cut BBO crystals set abutted to each other
with their optic axes rotated up-side-down with respect to each other
in the vertical plane, thereby canceling the transverse walk-off. To ver-
ify the degree of temporal compensation, we measured the visibility of
coincidence fringes after the 2mm iris, while HWP1 is rotated and
HWP2 remains fixed at 22:5o. High polarization visibility was
observed at all the transverse positions in Fig. 2, implying the flatness
of the time-delay map and the effectiveness of the unified time com-
pensation. At each observation point, the high polarization visibility
was achievable at a tilt angle of the QWPp different from its neighbor-
ing points (thus, different /p). This indicates that the phase-matching
part of the relative phase in Eq. (3) varies from a point to another.

Based on this observation, we present here an experimental tech-
nique to directly measure the relative phase of the entangled state: first,
polarization measurements are prepared projecting the two-photon
state to diagonal basis states jþþi; j##i. We then scan the tilt
angle of the QWPp. Along the scan, reaching the maximum coinci-
dence counts indicates constructing a state nearest to the Bell state:
j/þi ¼ ðjH1H2iþ jV1V2iÞ=

ffiffiffi
2
p

[here, the zero relative phase indi-
cates that the phase-matching part of the relative phase is complemen-
tary to /p as dictated by Eq. (3)].30 This determines the phase-
matching part of the relative phase, since the /p value is obtained

FIG. 2. Coincidence and time-delay maps all over the SPDC cone. (a) Theoretical prediction (left) and experimental measurements (right) for the angular distribution of bipho-
tons coincidence counts after polarization projection into the diagonal basis state jþþi. The right inset shows the normalized coincidence rates (red points), experimentally
measured behind a 2-mm iris positioned, 50 cm from the SPDC crystals, at the directions: hx ¼ f2:4o; 2:7o; 3o; 3:3o; 3:45o; 3:6og with hy ¼ 0. The yellow line shows the nor-
malized rates as predicted by Eq. (7). (b) The same as in (a) after polarization projection into the rectilinear basis state jHHi. (c) The directional time-delay map between the
HH and VV possibilities for the degenerate biphoton emission as predicted by the derivative of the relative phase # with respect to x1.

FIG. 3. (a) The two-dimensional quadratic relative-phase map (in radians) as pre-
dicted by Eq. (4) all over the SPDC cone. (b) Purifying SLM pattern to produce the
states j/6i with high fidelity over wide emission angles. The pattern constitutes
the inverted modulo-2p grayscale of the map in (a). The white rectangle circum-
scribes the 2D SLM’s active area on which the compensation image is loaded. This
area covers azimuthal-angle range '57o (of the 180o representing half SPDC
cone); therefore, about one third of the noncollinear SPDC emission cone could be
manipulated. (c) Experimentally measured phase retardation introduced by the 8-bit
SLM at 810 nm plotted vs the gray display level (black:0 and white:255). The phase
measurement error (60:005p) is smaller than the readout markers.

FIG. 4. Experimentally measured relative phase for the produced polarization-
entangled state across the SPDC cone before (brown rhombuses) and after (blue
squares) loading the SLM. The measurements are done behind a 2-mm iris posi-
tioned, 50 cm from the SPDC crystals, at the directions: hx ¼ f2:7o; 3o; 3:3o;
3:45o; 3:6og; with hy ¼ 0. The error (60:005p) is smaller than the symbols.
Curves are fits to the data.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 117, 244003 (2020); doi: 10.1063/5.0022646 117, 244003-4

Published under license by AIP Publishing

production of degenerate photons in a noncollinear SPDC geometry.
The pump beam is classically treated as a superposition of frequency
and plane wave modes: Epðx; z; tÞ ¼

Ð
dxpdqp Apðxp; qpÞ exp iðjpz

þ qp:x % xptÞ þ c:c:, with xp being the angular frequency and
kp ¼ ðqp; jpÞ the wavevector, where qp are the transverse components
along the coordinates x ¼ ðx; yÞ and jp is the longitudinal compo-
nent. The pump polarization components in horizontal/vertical (H/V)
basis have a relative phase /p that can be manipulated by tilting a bire-
fringent element, e.g., a quarter wave plate (QWP).

Similarly, the produced SPDC two-photon emission can be
expressed—based on the SPDC creation operators—as a joint spectral
and spatial expansion in monochromatic planar waves with the angu-
lar frequencies x1;2 and the transverse wave vectors q1;2 (subscripts 1
and 2 denote signal and idler photons, respectively). The longitudinal
wavevectors of the interacting waves can be expressed as dictated by
Maxwell’s equations for ordinary (o) and extraordinary (e) polariza-
tion as6,15,24

jo
j ðxj; qjÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxj noj =cÞ

2 % jqjj
2

q
;

jeðH;VÞ
j ðxj; qjÞ ¼ qjðx;yÞ tanq?j

þne?j
xj

c

# $2

% 1

ðnej Þ
2 q

2
jðy;xÞ %

ne
?

j

nej n
o
j

 !2

q2jðx;yÞ

2

4

3

5

1
2

;

(1)

where the subscript j ¼ p; 1; 2, the superscripts (H) and (V) label the
SPDC crystals with optic axes lying in the xz (horizontal) and yz (verti-
cal) plane, respectively, c is the speed of light in space, noj and nej are
principal values of the refractive index, and ne

?

j and q?j are the refrac-
tive indices and walk-off angles of the extraordinary-polarized ray
propagating along the z axis (perpendicular to the crystal interfaces).
The SPDC in the two crystals creates a two-photon state entangled in
every degree of freedom, frequency, momentum, and polarization,
which is expressed at small emission angles25 by the superposition

jwi &
ð
dx1dx2dq1dq2fUHH x1;x2; q1; q2ð ÞjH1H2i

þUVV x1;x2; q1; q2ð ÞjV1V2ig; (2)

where UHH;VVðx1;x2; q1; q2Þ are the biphoton wavefunctions corre-
sponding to the HH and VV possibilities. Assuming that the crystals
are of infinite transverse extent and pumped by a non-depleted beam
with the reflected waves at all crystal interfaces being negligible, the
two-photon wavefunctions can be written as

UHH ¼
vð2Þffiffiffi
2
p Apðx1 þ x2; q1 þ q2Þ

ð%L

%2L
dz ei

Ð z

0
dz0Djðz0Þ;

/ e%iL
1
2Djooe

V þDjeeo
Hð ÞLApðx1 þ x2; q1 þ q2Þ sinc

Djooe
V L
2

# $
;

UVV ¼ e%i/p
vð2Þffiffiffi
2
p Apðx1 þ x2; q1 þ q2Þ

ð0

%L
dz ei

Ð z

0
dz0Djðz0Þ;

/ e%i /pþ1
2Djooe

H Lð ÞLApðx1 þ x2; q1 þ q2Þ sinc
Djooe

H L
2

# $
;

where L is the crystal length, vð2Þ is the bilinear susceptibility,
Djooe

H;V ¼ jeðH;VÞ
p % jo

1 % jo
2 are wavevector mismatches within the

interacting (H) and (V) crystals, and Djeeo
H ¼ jo

p % jeðHÞ
1 % jeðHÞ

2 is
the mismatch of waves interacting in the first crystal when passing
through the second one (Djeeo

H ' Djooe
H;V ; therefore, no downconver-

sion is considered in the latter case).
The relative phase of the produced state jwi is then

# ¼ arg UVV=UHHf g ¼ 1
2
ðDjooe

V % Djooe
H Þ þ Djeeo

H

& '
L% /p; (3)

which includes phase-matching terms and an initial phase term.
We assume that the spatiotemporal amplitude of the pump beam is
factorizable: Apðxp; qpÞ ¼ ð

ffiffiffiffisp
p

=
ffiffiffi
p4
p
Þ exp ½% 1

2 s2pðxp % x0
pÞ

2) dðqpÞ;
which expresses a polychromatic plane wave with a coherence time sp.
Therefore, the biphoton spatial characteristics can be fully determined
with reference to the signal photon alone (q2 ¼ %q1). This assump-
tion also implies that Djooe

V * Djooe
H + Djooe as dictated by Eq. (1)

and, consequently, jUHHj * jUVVj. By substituting Eq. (1) into Eq. (3)
and ignoring the insignificant higher-order terms, the relative phase
writes

#ðx1;x2; q1;%q1Þ *

(
ðnop % ne

?

1 Þx1 þ ðnop % ne
?

2 Þx2

c

%q1;xðtan q?1 % tan q?2 Þ

þ
cq21;x
2

ðne?1 Þ
3

x1ðne1Þ
2ðno1Þ

2 þ
ðne?2 Þ

3

x2ðne2Þ
2ðno2Þ

2

" #

þ
cq21;y
2

ne
?

1

x1ðne1Þ
2 þ

ne
?

2

x2ðne2Þ
2

" #)

L% /p; (4)

which is a quadratic function in the transverse wavevector compo-
nents of the SPDC photons. Moreover, the first-order derivatives of
the relative phase # with respect to x1 and x2 determine the time
delay map between HH and VV possibilities for the signal and idler
photons, respectively [that is, for a biphoton emission in the directions
specified by ðq1;%q1Þ]. Equation (4) thus presents closed forms for
the relative-phase and time-delay maps, which give theoretical predic-
tions equivalent to those of the iterative approach given in Ref. 26. For
convenience, the components of q1 are substituted by the free-space
emission angles in xz (horizontal) and yz (vertical) planes as

q1x;y ¼ tan hx1;y1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx1=cÞ2 % jq1j

2
q

(similarly, q2).
The coincidence map, on the other hand, is determined by the

two-photon wavefunction at the detection plane27

W ¼ h0jEðþÞ1 ðhx1; hy1; t1ÞE
ðþÞ
2 ðhx2; hy2; t2Þjwi; (5)

where j0i is the vacuum state and

EðþÞ1 ¼
ð
dx e%ixt1

X

r

ðe1:rÞGðxÞ arðx; hx1; hy1Þ

EðþÞ2 ¼
ð
dx e%ixt2

X

r

ðe2:rÞGðxÞ arðx; hx2; hy2Þ;

are the positive-frequency parts of signal and idler field operators at
the space-time coordinates of biphoton detection; ðhx1; hy1; t1Þ and
ðhx2; hy2; t2Þ.28 Here, the unit vector ei ¼ ðeix; eiyÞ specifies the orien-
tation of the polarization analyzer in the ith SPDC arm, Gð:Þ is the
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Experimentally verified  expression for the 𝑃ℎ𝑎𝑠𝑒 function over the SPDC cone

Purification of entangled photons over wide angles of emission – using SLM

Variable in frequency 
and spatial domains

SLM : Spatial light modulator



43

Letter Vol. X, No. X / April 2016 / Optica 4

Fig. 5. Experimentally measured relative phase for degener-
ate emission at a set of scattering angles before (brown rhom-
buses) and after (blue squares) loading the SLM. The solid
curve is the theoretical prediction according to Eq. 4 (overall
offset is suppressed). The measurements are done behind a
2-mm iris translated laterally at 50 cm from the SPDC crystals.
At each point, the QWP is tilted until polarization correlation
maxima is reached in the diagonal basis. The relative phase at
that point is thus precisely the complementary (up to 2p) of
the QWP phase fp measurable by the ratio of power emerging
out the polarization interferometer and given as sin2 fp.

The angular characteristics of the relative-phase and time-
delay maps are determined recalling Eq. 4, and are shown
in figs. 3(a), and 4, respectively. It can be noticed that while
the time-delay map is essentially flat (centered at ⇠200 fs), the
directional relative-phase has apparently radial quadratic de-
pendence. Therefore, over that wide extent, the temporal dis-
tinguishability between the leading (HH) and the lagging (VV)
possibilities can be effectively washed out via the conventional
approach; adding equivalent delay between the corresponding
pump components |Vpi and |Hpi [19, 22, 24]. In the experiment,
this is done using two 0.8-mm BBO crystals cut at 30o and rotated
up-side-down to each other (thereby canceling the transverse
walkoff). At the measurement points of Fig. 2, we observe a
coincidence-fringes visibility of ⇠ 97% (accidental coincidence
subtracted) for the made with one polarization analyzer varying
and the other being at 45o. This high visibility implies the flat-
ness of the time-delay map and the effectiveness of the unified
time compensation.

On the other hand, we put forward a programmable cor-
rection method to treat the directional phase function. As in
the legacy monochromatic digital display, a phase-only SLM is
loaded by a gray image to introduce a pixel-based phase retar-
dation between H and V components, proportional to each pixel
brightness. A reflective SLM (15.36-mm ⇥ 8.64-mm display area
and 1920⇥1080 resolution pixels) is placed at a transverse plane,
25 cm from the SPDC crystals and loaded by the ghost image of
the gray-scaled modulo-2p relative-phase map which is shown in
Fig. 3(b). Its operational region is centered at 630 nm, a special
gamma correction is applied (provided after communications
with the vendor) to enhance the linearity of the phase difference
with the pixel brightness at 810 nm, as shown in Fig. 3(c). The
SLM can introduce up to ⇠ 2p phase shift at 810 nm with its
8-bit display offering 256 intermediate gray (or phase) levels.

The experimental measurements of the relative phase before
and after the SLM compensation are depicted in Fig. 5. Each
measurement point is made behind a 2-mm iris translated trans-

versely at 50 cm from the two crystals. For measurement, the
relative phase at each point is nulled by adjusting the QWP
phase fp, which can be then measured via the ratio of the power
exiting the polarization interferometer.

To sum up, we have presented ........
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SUPPLEMENTARY DATA (TO BE OMITTED)

A. SPATIAL RELATIVE-PHASE MEASUREMENTS
We develop a simple, yet accurate, experimental approach to
measuring the relative phase of the entangled photon pairs. We
use the interferometric arrangement in Fig. 6 to measure the
phase introduced by the quarter-wave plate QWP405nm at the
pump wavelength over a range of tilting steps. We can then
use the tilting angle of the QWP405nm as a witness for the
additive phase value needed at this point-of-space to null the
phase, constructing one of the maximally entangled states.

B. Polarization interferometer
In Fig. 6, after reflection, the polarization state of the pump
photon is [|Hpi+ exp(ifp)|Vpi]/

p
2, where fp is the phase ac-

quired when traversing the quarter-wave plate. In its backward
propagation after the second pass in the quarter-wave plate, the
pump photon is in the state [|Hpi + exp(2ifp)|Vpi]/

p
2. The

polarization state is then modified by the half-wave plate to
be {(|Hpi � |Vpi) + exp(2ifp)(|Hpi+ |Vpi)}/2. The backward-
propagating pump component that transmits through the po-
larizing beam splitter is thus the result of interference between
two mutually coherent (horizontally polarized) pump fields and
of a normalized intensity cos2(fp). In the case of normal inci-
dence on the QWP405 nm, the phase fp is 90 deg.. By tilting the
quarter-wave plate, we can visualize high-visibility interference
fringes describing the variations of fp as shown in Fig. 7.

C. Spatial phase map
Now returning to the source of entangled photons, let us de-
scribe our approach to carry out the phase measurements at dif-
ferent points defined by translating a narrow iris (2-mm diame-
ter) in the transverse plane, 50 cm from the SPDC crystals. When
the emissions of the two-photon components |H1H2i and |V1V2i

Fig. 6. Polarization interferometer to measure the relative
phase acted by the quarter wave plate QWP405 nm corre-
sponding to its tilting angle. PD is a photodetector connected
to a power meter; PBS: polarizing beam splitter; M: mirror.
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Two-photon interference: a measure of temporal indistinguishability
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Quantum information units in higher-dimensional spaces


